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ABSTRACT

Given the prominent role which atom interferometers play in the emerging fields of quantum-based navigation and
remote sensing, we discuss schemes for velocimetry and accelerometry using a single-state atom interferometer. These
techniques rely on momentum state interference arising from the application of a standing-wave optical excitation pulse
on a laser-cooled atomic sample falling in a gravitational field. Kapitza-Dirac diffraction of momentum-states leads to
the formation of a density modulation (or grating) in the atomic ground state. Motional properties of the sample,
including the local value of gravitational acceleration (g), are encoded in the grating as it falls and can be imprinted on a
backscattered travelling wave read-out field. Since these gratings dephase according to their velocity distribution, the
grating free-induction decay (FID) may be probed immediately after the excitation. Alternatively, a grating-echo, which
is read-out in the vicinity of ¢+ = 27), can be realized by applying a second sw pulse at a time ¢ = T,,. We review
grating-echo techniques for velocimetry and accelerometry that have achieved precision in g determinations at the level
of 50 parts per billion and efforts to improve the signal size by increasing the grating contrast. We also describe a
single-state velocimeter based on measurement of the FID that has achieved velocity sensitivity at the level of 600 pm/s
and determinations of g with a precision of 2 mm/s>. These simple techniques have the potential to realize the most
precise velocimeter due to their limited susceptibility to phase interruptions, despite use over long timescales.
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1. INTRODUCTION

The development of inertial sensing techniques using ultracold atoms is of great importance for precise tests of
fundamental physical laws [1-3], as well as for the development of robust platforms for navigation and remote sensing
[4-7]. In this field, quantum metrology has been gaining, and in many cases, exhibiting the potential for surpassing
analogous classical techniques. This trend is particularly apparent in measurements of velocity and acceleration, for
which atom based quantum sensors have become the basis for state of the art measurement [8,9]. The workhorse among
these devices are Raman atom interferometers [10] (Als) which have been employed to measure several classes of
inertial effects with great success [11-17]. These Als rely on the wave nature of matter which emerges at extremely low
temperatures characteristic of laser-cooled atoms and precisely timed laser pulses to manipulate atoms between
hyperfine levels. The experiments require exquisite control of the frequencies of excitation lasers to ensure two photon
optical excitation of atoms.

The focus on developing Raman Als has overshadowed the potential of a separate class of single state Als that can
measure many of the same phenomena with much simpler technical requirements [18-20]. Rather than manipulating
atoms between hyperfine levels, these Als rely on the interference of atoms with different momentum states associated
with the same atomic ground state. As a result, the Al requires only one laser system, and through the use of echo
techniques, it can avoid the need for velocity selection. By virtue of their simplicity, single-state Als also exhibit the
potential to limit systematic effects due to level shifts arising from electric and magnetic fields. Accordingly, they offer
promising and robust alternatives for inertial measurements.

2. SINGLE-STATE ECHO ATOM INTERFEROMETERS

The principle behind a single-state Al relies on recording the contrast of an atomic grating formed in the ground state of
a laser cooled atomic sample. The atomic grating is formed due to the Kapitza-Dirac diffraction due to excitation by
counter-propagating laser fields that constitute a standing-wave (sw). In this manner, atoms undergo a two-photon
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transition which creates a sample in a superposition of momentum states separated by 2hak, where k = 2m/A is the
wavevector of the excitation field. In a classical description, this is akin to the atoms being pushed towards the nodes of
the sw potential which has a periodicity of A/2, where A is the wavelength of the excitation. In a quantum picture, the
resulting matter-wave interference results in a periodic density modulation of the atomic ground state.

Since the source of the grating is the interference of momentum states, its contrast dissipates due Doppler dephasing,
known as a free-induction decay (FID). The thermal speed of the sample limits the timescale of these measurements to a
few microseconds for cold atomic samples with temperatures of a few microKelvin. This timescale can be extended
through the use of echo techniques, where the application of second sw pulse at a time 75, after the first excitation,
results in the reformation of the grating contrast at the echo time ¢ = 27,,, as shown in Figure 1a.
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Figure 1. (a) Pulse sequence for the single-state echo interferometer with resulting momentum state interference of a generic state
|1,p) and grating formation shown in purple. The sw excitation is indicated by wavevectors +k,, while the read-out field is shown
by kro, and the scattered field is shown by S. The lower panel shows the scattered field signal envelope (dashed lines) and signal
phase (solid lines) near the echo time 275,. From left to right are shown examples for increasing pulse separations (75;). (b)
Shows the same information for a three pulse single-state echo interferometer velocimeter, where the lower panel shows the
scattered field signal envelope (dashed lines) and signal phase (solid lines) near the echo time 27,,+7%,. From left to right are
shown examples for increasing pulse separations (7%,).

This density modulation can be conveniently read-out by back scattering a traveling wave readout field that is nearly
resonant with the excited state and turned on in the vicinity of the echo time. The amplitude and phase of the grating at
the time of this read-out pulse is imprinted onto the backscattered signal envelope (see Figure 1). Despite the FID, as the
atoms in the grating evolve, they will accumulate a quantum mechanical phase associated with the atomic recoil
resulting from the two-photon interaction with the sw. This property of the Al has been used to demonstrate a
measurement of the recoil frequency [18,21,22]. In addition to the recoil phase, the grating will also accumulate a phase
resulting from a local gravitational field. By varying the time separation between excitation pulses and measuring the
average phase across the echo envelope, it is possible to measure the chirped accumulation of gravitational phase, which
will vary as gT,,%, where g is gravitational acceleration.

In this manner, g can be measured using suitably long observation times [18,20,23,24]. The essential characteristic of the
two-pulse Al is that the different momentum states comprising the arms of the interferometer experience a continuously
changing relative displacement during the entire experiment. The signal from the Al is analogous to the interference
fringes recorded by the falling corner-cube optical interferometer in Ref. [25].

The best demonstration of the two-pulse technique to measure g utilized a sample with a temperature of ~20 uK, that

was dropped over a distance of ~1 cm and achieved a precision of ~7 ppm [20,23]. Here the signal size of the
single-state echo-type Al, which is ~1 photon per atom, was further restricted by magnetic gradients, and the transverse
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expansion of the atomic sample beyond the radius of the excitation beams. Additionally, since the apparatus was only
passively isolated from mechanical vibrations, phase measurements were compromised on timescales greater than 10 ms.

Recently, there have been efforts to improve the contrast of these echo gratings using optical channeling pulses [26] and
optimized readout pulses [27], which appear promising for increasing the signal size and extending the experimental
timescale. Similarly, other Als have employed a combination of active vibration isolation and signal correction showing
results [28]. There has also been a growing interest in atomic velocimetry which has exhibited a greater resilience to
mechanical vibrations [29]. This advantage has to be weighed against their inherent limitation that the phase
accumulation in a gravitational field scales as T, as opposed to the T, scaling of accelerometers. This limitation applies
to echo Als as well.

A simple way to realize a velocimeter with the single-state echo-type Al is by altering the optical pulse sequence. As
shown in Figure 1b, the addition of a third sw pulse will enable a “stimulated-echo” configuration [30]. Here, the first sw
pulse creates a superposition of momentum states separated by 2hk. A second SW pulse applied at ¢ = T, results in
momentum states that are copropagating at fixed separation with the same momentum. A third pulse applied at ¢t = 7,, +
T;, causes the copropagating states to interfere at the echo time ¢.,, = 275, + T3,, forming a density grating. As in the
two-pulse Al, the grating formation is associated with interference of momentum states separated by 2hk. The theory of
this interferometer was described in detail in Ref. [31] and predictions were verified using measurements of magnetic
field gradients that did not require vibration stabilization.

During the central pulse separation (75,), the arms of the three-pulse Al consist of copropagating wave packets with no
momentum difference, accordingly, the amplitude of the echo envelope shows no recoil modulation as a function of T5,.
However, the phase of the echo is modulated at a fixed frequency which can be shown to be 2kgT,,. Naturally, this
configuration represents a velocimeter since the frequency is determined by the velocity g7,, which the atoms acquire
during the time interval 7,, due to gravity. The sinusoidal period of the echo phase as a function of T3, is given by 7, =
gT,A/2. Thus, by varying this separation 73,, a measurement of the center-of-mass velocity of the sample is equally
possible, and repeated measurements of this with different initial pulse separations (75,) can be used to measure g.
Indeed, the most sensitive echo-type Al measurement of g has been performed using this scheme with a precision of 75
ppb and a drop height of 1 cm [23].

An even simpler scheme to extract the instantaneous center-of-mass velocity involves measuring the Doppler phase
across the echo envelope (dashed lines in Figure 1) in either two-pulse or three-pulse Als, as in Ref [23]. Here, a phase
change of 2n indicates that the grating has fallen through a single period of the optical potential (A/2), an effect that has
been used to determine g at the level of 1% by repeating measurements by incrementing the values of 75, or T5,.

3. SINGLE-STATE GRATING VELOCIMETRY

The simplest form of single-state velocimeter does not employ the echo technique at all. Rather it leverages the initial
matter-wave interference which follows the application of a single excitation pulse. The contrast of the atomic grating
can be made velocity dependent by detuning the two travelling wave components of the sw excitation [32]. The ensuing
grating contrast will have a maximum when the two components have the same frequency in the frame of reference of
the moving atomic sample, falling off as: C o< sin’*(z (v, - v,))/(z (v, - v;)), where v, and v, are the two excitation
components in the laboratory frame and 7 is the pulse duration.

First order Doppler shifts are easily discernible as frequency shifts of the central maximum if the contrast spectrum is
recorded at different drop times. Thus, center of mass velocimetry and accelerometry can be performed by tracking this
line center. While it is possible to narrow this line by elongating the excitation pulse duration, as is Raman velocimetry
[33], it is more advantageous to narrow this spectrum using a time-separated oscillatory fields (TSOF) or Ramsey
method [34], where complications arising from optical channeling can be avoided. In this configuration, two sw pulses
with durations 7 are applied at a time separation 7, resulting in a contrast spectrum which has the form: C o
(A+2DcosX(T.(v; - v))/12+¢)*-1) sin’(z (v, - v)))/(z (v -v,)), where T = T + 7 is the time between the center of the two sw
pulses. Here, A is a proportionality constant and D is a unitless parameter which describes the FID of the atomic grating.
There is also a phase shift ¢, accounting for differences in the phase of the two excitation pulses. The resulting narrowed
fringe allows for measurements of velocity at the coherence limit of the cold samples in question. Tracking the Doppler
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shift of the Ramsey fringe as a function of the drop time, results measurements of velocity with a sensitivity of 600 pm/s
and determinations of g with a precision of 2 mm/s* [32].

@ x O ki

(v1) (vy) (i)
- p*zﬁk'- -\ip)fr;ft__\}‘_\. -
o o
Lp i — . 1P .
Jffp _— {l,p';-_)--.._. -
' 2-2n N O2h)

7 fq_m_’f 2 * Q—T—b «—At—» f
b P
v l\ o !
th RS T_ﬁ (v2) o (Veo)

Doppler Shift
e

Duppltr Shift

e |

o 1
\-s ¥ MH? va—v, (MHz)

Figure 2 (a) Pulse sequence for the single-state grating velocimeter with the resulting momentum state interference of a generic
state |1,p) and the formation of the atomic grating shown in purple. The sw excitation is indicated by wavevectors k; and k,, while
the read-out field is shown by ko, and the scattered field is shown by S. The lower panel shows the signal contrast as a function
of the relative detuning between the two excitation beam components (k; and k,) with frequencies v; and v,. Center-of-mass
velocity of the sample is manifested as a horizontal Doppler shift of the spectrum. Such a Doppler shift can be observed by
increasing the drop time (b) Shows the same as (a) but for the TSOF velocimeter where a Ramsey fringe is imprinted on the
contrast spectrum by applying two sw pulses separated by a time interval 7. In both figures, the readout pulse is applied
immediately after the final sw excitation. However, in Figure 2a, the onset of the readout pulse is indicated by the time delay A¢
<< T, which is exaggerated to show the momentum state interference.

These techniques which rely only on measuring the magnitude of the grating contrast avoid the problem of monitoring
the phase of the backscattered field and the phases of the excitation beams. The reduced complexity latter is enabled
since the FID signal, unlike the echo counterpart, is only observable over the coherence time of the cold sample which is
an order of magnitude smaller than the timescale for the onset of mechanical vibrations.

4. FUTURE DIRECTIONS

Since this technique is ultimately limited by the coherence of the sample it is reasonable to consider how well the TSOF
velocimeter will perform in alternative samples with longer coherence times. As they are now fairly widely used, we
consider here the case of a typical Bose gas [35,36]. In such a sample, where the coherence time is on the order of
hundreds of microseconds, much larger pulse separations will be possible. In these proposed experiments one could
conceivably measure frequency shifts on the order of several kiloHertz representing a velocity sensitivity of less than 10
um/s, which greatly surpasses all other cold atom velocimeters and challenges the precision obtained by the most precise
atomic velocimeter [33]. Similarly, velocimetric measurements of g would also be enhanced by use of these long
timescales. When combined with long observation times achievable in drop towers [37,38], measurements of g at the
level of 10 parts per billion (ppb) may also be possible. These are particularly appealing measurements, since despite the
use of extraordinarily long drop times of order 1 s [39], possible in such towers, the phase stability of the Al will only
need to be maintained over the coherence time of the cold sample (~ a few milliseconds).

In tabletop experiments however, the echo-type Al is capable of significantly improved performance. As previously
noted, efforts to improve the reflectivity of the gratings [26,27] show promise for extending the measurement timescale
so that the drop heights can exceed ~ 30 cm (250 ms). In combination with efforts to both passively and actively stabilize
the apparatus, the precision of echo techniques can be expected to scale up to the ppb level. However, like conventional
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Raman Als, it will be necessary to monitor the phase of the Al pulses, since phase stability will be required over the
entire drop interval.
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